In order to predict the temperature distribution of gears more accurately, the influence of oil film on frictional heat generation should be taken into account in computational model. In this paper, based on the theory of thermal elastohydrodynamic lubrication, the calculation of frictional heat flux in the meshing process and the steady thermal analysis of spur gears is completed. The reliability of the model is verified by comparing the calculated results with the value of empirical formulas and experimental data. This paper provides an effective analysis method for gluing prediction, failure analysis and lubrication state analysis of aero-engine transmission gears.
Introduction
With the development of aero-engine toward high speed, high thrust-weight ratio and high reliability, the transmission power and working speed of gear, as an important transmission component of aeroengine, have been significantly improved. In order to ensure the stable and reliable operation of the gear, it is the most important to keep it in a full lubrication. In the sufficient lubrication, there is a layer of oil film between the two contact teeth to avoid wear caused by direct contact. In addition, the relative slip between the teeth surfaces leads to friction loss of oil film which increases the local temperature of the gear. Accurate thermal analysis before gear manufacture and operation profits reducing the possibility of gear thermal deformation and gluing failure caused by excessive local temperature.
In most current studies, the calculation of heat source in gear thermal analysis use the friction coefficient given by experience and the influence of oil film is not fully taken into account. Li Baoliang [1] got the dynamic analysis results by ADAMS and the friction coefficient changed along the meshing line from previous studies, and then calculated the frictional heat generation. The steady-state thermal analysis and transient thermal analysis of involute gears were carried out by using ANSYS. In the research of Liangheng Qiu [2] , the friction coefficient was set as a fixed value to obtain frictional heat source. Fan Zhimin [3] had calculated the friction coefficients of each meshing position according to the empirical formula and obtained the temperature distribution of gear by ANSYS finite element analysis.
The lubrication problem of spur gears, as a line contact, can be solved by the increasingly developed theory of thermal elastohydrodynamic lubrication. Many studies have applied this theory to the calculation of minimum oil film thickness between gears to obtain the lubrication condition. In 1916, Martin [4] transformed gear meshing problem into rolling problem between cylinder and plane and solved Reynolds equation to get the solution. Because of its simple principle, the theory has been widely used in solving gear lubrication problems and has been constantly improved in later studies. Later, Lu Lixin [5] used Newton-Raphson method to solve the transient elastohydrodynamic lubrication problem and obtained the pressure and thickness distribution of the oil film between two meshing gears' surfaces. Wang Youqiang [6] used the multi-grid method to accelerate the solution of the isothermal Elastohydrodynamic problems under line contacts and analysed the influence of geometric parameters of gears on the oil film thickness in the gear meshing process. There are not many studies calculate the friction coefficient of two teeth by solving the elastohydrodynamic problem. But, in fact, it can be obtained.
Remarkably, the researches on gear elastohydrodynamic lubrication mentioned above are based on the static load without considering the vibration during gear meshing. In order to reflect the actual physical situation more accurately, Barbieri[7] applied the solution of the dynamic load problem of two meshing gears to the elastohydrodynamic lubrication analysis in elliptical contact and compared the results with static load. Li [8] and Ouyang [9] carried out six degrees of freedom dynamic load analysis, considering the influence of bearing vibration, to get the load distribution along the meshing line on the teeth surfaces as the input of elastohydrodynamic lubrication calculation. Then the mixed elastohydrodynamic lubrication solution was obtained.
From the above research, it can be seen that most of the current calculation of gear frictional heat generation does not consider the influence of oil film, which will bring errors to gear thermal analysis. In this paper, the influence of oil film between meshing surfaces is taken into account when calculating friction heat generation and the difference of friction coefficient at each meshing position is considered in the thermal analysis model. Firstly, the dynamic analysis of spur gears is carried out. Then the thermal elastohydrodynamic lubrication equations are established and solved by using the multi-grid method to accelerate. The calculated frictional heat flux is loaded on the corresponding position of the tooth surface as a heat source to take the thermal analysis of the single tooth model of spur gear.
Dynamic load analysis of the spur gear

Kinematics analysis of the spur gear
Firstly, the kinematics analysis of spur gears is carried out to obtain the relative slip velocity between two meshing tooth surfaces. According to the geometric structure and transmission characteristics of spur gears, the geometric relationship is illustrated in figure 1 . Where s is the distance between meshing point and pitch node. The absolute velocities of the two teeth surfaces can be calculated by the curvature radius of the tooth surface and the rotation speed of the two gears: 
Dynamic load analysis of spur gears
The variety of meshing stiffness and load on a tooth surface with time stimulates the gear vibration. In this paper, the single-degree-of-freedom torsional vibration model of gears, ignored the influence of vibration of bearings and transmission shafts and the tooth profile error of gears, is established by lumped mass method (figure 2). The differential equations of gear vibration are established according to the force balance:
Where 1 J and 2 J are the inertial moment of the driving gear and the driven gear respectively, 1  and 2  are the torsion angle caused by the elastic deformation of the driving gear and the driven gear respectively, bg is the tooth width, c is the meshing damping coefficient, m k is time-varying meshing stiffness, N is the resistance moment of drive gear. Let In the meantime, the deformation of two tooth surfaces at the meshing point due to contact can be expressed as follows:
Therefore, the sum of the deformation at the meshing point of the gear pair can be obtained as follows:
The change of meshing stiffness k with time can be obtained by substituting the equation (12) into the equation (9). The meshing stiffness of spur gears can be calculated by the following equation considering that it is different in the case of single and double teeth meshing. 
In this paper, the fourth-order Runge-Kutta method is used to solve equation (8) and obtain the solution of x. Then the load on every meshing points can be obtained.
Frictional heat calculation based on thermal elastohydrodynamic lubrication theory
Basic equation
The thermal elastohydrodynamic lubrication model at line contact is established to analyse the lubrication of spur gears in meshing process and obtain the frictional heat flux. In this model, the thermal effect, time-varying and non-Newtonian characteristics of lubricating oil are taken into account so that it is closer to the reality of gear meshing. 1) Film thickness equation 
Where  ,  , h, p, t is the density, viscosity, film thickness ,pressure of lubricating oil and time in turn. The subscript e represents the equivalent value. The pressure of oil film at the inlet and outlet is set as zero and the pressure gradient at the outlet is equal to zero, it can be expressed as follows:
3) Energy equation
Ignoring the influence of volume force and thermal radiation in oil film, the energy equation is as follows:
Where p c ,  and T is the specific heat capacity at constant pressure, heat conductivity coefficient and temperature in turn. z is the direction of film thickness. The boundary conditions are determined by the thermal interface equation. 
Where 0  is the characteristic shear force at 10MPa.
Nondimensionalization of Equations
The equations of thermal elastohydrodynamic lubrication for line contact are dimensionless treated. The dimensionless parameters used are as follows: The dimensionless equation can be obtained by introducing the above dimensionless parameters into the thermoelastohydrodynamic lubrication equation (16) -(27).
Equation discretization
The contact width is divided into thickness is modified according to the load balance equation, thus the corresponding oil film thickness distribution is obtained. Then the oil film thickness is taken as a known quantity into Reynolds equation to obtain a new pressure distribution. The pressure and film thickness are solved iteratively accelerated by using the five-layer multi-grid w iteration method and results are brought into the energy equation to get the temperature value by the sequential scanning method, and then the temperature value in the iteration of pressure and film thickness is updated. Finally, the convergence of pressure, film thickness and temperature are achieved.
Frictional heat calculation
The shear stress (  ) on the upper and lower surfaces of the oil film can be obtained by solving the thermal elastohydrodynamic lubrication equation. The integral of it is the friction force between the oil film and the meshing surface ( 1 f F and 2 f F ). The meshing friction coefficient of the two tooth surfaces, f , can be further calculated by using the following method: After the friction coefficient is obtained, the friction heat generation (q(t)) can be calculated and it should be allocated to the two meshing surfaces as follows: 
Thermal analysis theory
This paper considers that the gear material is isotropic. This model pays more attention to the influence of frictional heat and thermal convection while ignoring thermal radiation loss and other heat sources. The steady state heat conduction and the third boundary conditions can be expressed as follows:
Where q is heat source, h is convective heat transfer coefficient, n is normal direction of surfaces with thermal convection. Subscripts w and f denote the gear wall and environment respectively. 8 Geometric model. The following assumptions are made in this paper to reasonably reduce the amount of calculation:
Finite element model
1. The temperature field of each tooth is the same when it reaches at steady state. 2. Because of the high speed and the short meshing period of each tooth, it can be considered that the temperature field of each tooth is the same at a time.
3. The ambient temperature is not affected by the friction heat source so it remains at 40 ℃. Based on the above assumptions, a single tooth model ( figure 4 and figure 5 ) can be used for thermal analysis. In this paper, the meshing tooth surface is divided into 51 rectangles along the meshing track, which is convenient to load the friction heat flux to the corresponding position.
Boundary condition. The ambient temperature is constant as 40 ℃. When calculating the heat transfer coefficient, referring to references [1] and [3] , the tooth surface is divided into 3 parts, meshing surface, end surface and other surfaces. The empirical formulas for calculating the convective heat transfer coefficient between the meshing tooth surface and the environment are as follows: In the case of jet lubrication, the convective heat transfer occurs between end surface and the mixture of oil and air when the proportion of air is large so it is regarded as the convective heat transfer to air. 
The bottom of the tooth and the connecting surface with the adjacent teeth are seen as adiabatic.The frictional heat flux calculated based on thermal elastohydrodynamic lubrication theory is averaged and then load on the corresponding meshing rectangle continuously. In steady-state thermal analysis, the heat flux loaded on each meshing rectangle is as follows: 
Results and analysis
The spur gear parameter [11] used in this example and the material of gear are shown in the table 1 and  table 2 The lubricating oil is gear lubricating oil SCH632.
Reliability Verification. In order to verify the reliability of the model established in this paper, we calculate the minimum oil film thickness under different loads when the relative slip velocities of two surfaces are 5 m/s and results are compared with those of Dowson-Higginson formula, Dowson-Higginson modified formula, Hamrock-Jacobson formula and YangPeiran-WenShizhu formula [12] . On the other hand, the results of thermal analysis model are compared with the results in reference [11] and the selected experimental conditions are shown in table 3. It can be seen from figure 7 that the difference between the calculated and experimental values is acceptable in heat transfer research, which verifies the reliability of the thermal analysis model. Temperature field. The steady temperature fields of the driving gear and the driven gear when the speed of the driving gear is 800rpm with 10kW load are shown in figure 8 . It can be seen that under the same working conditions, the temperature of the driving gear is higher than that of the driven gear. One of reasons is that the rotating period of the driving gear is shorter, which means the time of heat loading accounts for a large proportion of the whole rotating cycle. At the same time, the larger area of the driven gear occuring convective heat transfer leads to lower temperature.
The relative slip velocity of two meshing tooth surfaces at the radius of pitch circle is zero. As a result, the temperature near the pitch circle of the driving gear is lower than that at the entry point (top) and the exit point (root) of meshing procession. On the top of the driven gear, the temperature is the highest, because the entry point is impacted and loaded heavily. In the meantime, due to the large nonmeshing volume of the driven gear, more heat is transmitted to the gear wheel and the temperature at the root of the tooth is low. 
Conclusion
Based on the theory of thermal elastohydrodynamic lubrication, the lubrication and heat generation in the process of gear transmission are calculated by using Matlab and steady thermal analysis of the gear is carried out. The following conclusions can be summarized from the results:
1. Compared with the empirical formula and experimental measurements, it is verified that the thermoelastohydrodynamic lubrication model and thermal analysis model in this paper are reliable. 2. At the same working conditions, the temperature of the driving gear is higher than that of the driven gear. Meanwhile, the temperature near the pitch radial of the driving gear is lower than that at the entry point and the exit point.
